Abstract: A metal-insulator-metal plasmonic structure that contains a circular cavity with anisotropic material (AM) is designed and numerically simulated. Attributed to filling the cavity with AM, the standing wave patterns in the cavity rotate clockwise as the wavelength increases, resulting in a new valley on the transmission spectrum, which will not appear in the isotropic-material case. In order to understand the underlying physical mechanism of the phenomena, the influences of the parameters of AM, such as optical axis angle and refractive indexes, on transmission spectrum were investigated. All results can be explained well by the index ellipsoid method and the coupled mode theory. This work shows the unique role of AM in the plasmonics nanostructure and these phenomena may have potential applications in the nanoscale integrated photonic circuits.
Introduction
Surface plasmon polaritons (SPPs), which have been studied in recent years for their ability of overcoming the diffraction limit of light, can confine and propagate the electromagnetic at a subwavelength scale. Because of their superior characteristic, SPPs are regarded as a promising candidate to realize the nanoscale integrated photonic circuits [1] , [2] . Various nanostructures based on SPPs have been proposed and investigated, such as metallic nanowires and films [3] - [5] , V grooves in metal substrates [6] , hybrid SPPs waveguide [7] , etc. Among these structures, metal-insulator-metal (MIM) waveguides, in particular, can strongly confine the SPPs in the insulator region and SPPs in MIM waveguide have acceptable propagation length [8] , [9] . Thus, a variety of functional plasmonic structures based on MIM wavelength are designed, such as filers [10] - [12] , ring resonators [13] , splitters [14] , and demultiplexers [15] - [17] . Various materials are used in these structures to implement different functions, e.g., semiconductor [18] and gain material [19] . However, these structures based on anisotropic material (AM) have hardly been discussed, while MIM waveguides with the AM have been investigated [20] . It is meaningful to study the SPPs in MIM plasmonic structure with AM, because many materials, such as some nonlinear materials, are anisotropic, which may be used in the integrated photonic [21] .
In this paper, a MIM plasmonic structure consisting of circular cavity filled with AM is proposed and investigated. Duo to the AM in the circular cavity, the standing wave patterns in the cavity rotate clockwise as the wavelength increases. The rotation affects the out-coupling strength between the cavity and MIM waveguide, resulting in a valley on the transmission spectrum. The simulation results also show that the characteristics of AM, e.g., angle of optical axis, refractive indexes of ordinary light (n o ) and extraordinary light (n e ), can affect the peak and valley of the transmittance spectrum. The increase of optical axis angle can induce the red shift of the valley and blue shift of the peak, and the refractive indexes of AM determine the depth and width of the valley. In addition, the influence of coupling distance between the cavity and waveguide on the spectrum has also been investigated. All the above results can be explained by the index ellipsoid method and the coupled mode theory. The analysis shows that the two specific components of the AM permittivity tensor have influence on the field distribution in the cavity, which leads to the rotation of standing wave patterns. The research may provide a route to control the SPPs and find important applications in the nanoscale optical device. Fig. 1 shows the two-dimensional geometry of the plasmoic resonator system that composed of a MIM waveguide and a circular cavity filled with AM. Because the circular cavity is the simplest centrosymmetric structure, it is convenient to show the impact of AM [22] , [23] . The width w of the MIM waveguide is fixed to 50 nm. r is the radius of the circular cavity. The coupling distance between circular cavity and waveguide is set as d = 10 nm. θ is the angle between horizontal direction and the optical axis of AM. The metal of structure is assumed to be silver (Ag, shaded gray). The dielectric of waveguide is air (shaded white). The AM filled in circular cavity is assumed to be KH 2 PO 4 (KDP) [24] , which is a common AM. The permittivity of Ag and KDP as function of wavelength (λ) was taken from the literatures [25] and [24] , respectively, and expanded using the method of interpolation. Especially, KDP has two refractive indexes of n o and n, they are expanded respectively.
Design and Method
As we all know, the permittivity of AM is a second order tensor and determined as follows when the optical axis is parallel to axis [20] : 
where we assume that the optical axis is parallel to x axis, n x , n y and n z are refractive indexes of AM in the x y z axis, respectively. Assuming that the optical axis is misaligned from the waveguide axes by the angle θ in the x -y plane as shown in Fig. 1 , the permittivity tensor becomes [20] :
In the simulation, we assume that n x and n y are equal to n e and n o of KDP, respectively. Because the structure is a two-dimensional model and SPPs can only exist for TM polarization [26] , n z has no effect on the results and is neglected in the simulations.
The transmittance spectrum of the structure is calculated by the finite-element method (FEM) of COMSOL Multiphysics. In the simulation, the transmittance of SPPs at port b is defined as quotient between the SPPs power flows of port b and port a. Only the fundamental TM mode is excited in the structure and propagates from left to right. Ohmic losses of plasmonic have great influence on the SPPs transmission in practical applications. Therefore, we calculated propagation length of SPPs in the waveguide. The effective propagation length of SPPs is defined as Lspps = 1 / [2Im(β)] [26] . β is the wave vector in the direction of propagation. The result shows that the propagation length is longer than 16.65 μm when wavelength is larger than 700 nm, which includes the wavelength range we use. This is much longer than the size of our structure. Therefore, ohmic losses can be ignored in our structure and it will not have too much influence on experimental attempt. Fig. 2(a) shows the transmission spectra of the structure that is filled with different materials. The radius of the cavity is set as r = 130 nm. The red line in Fig. 2(a) is the spectrum of the structure filled with KDP. And the angle θ of KDP is 45°. The blue and green lines in Fig. 2 (a) are the spectra of the structure filled with isotropic material. n o and n e are the refractive indexes of isotropic material 
Simulation and Discussion
in blue line and green line, respectively. These three lines all have nearly symmetric Lorentzian-like line-shape with resonant wavelength of 849 nm (green line), 863 nm (red line) and 868 nm (blue line). It means that the effective index of the cavity filled with KDP (red line) is equal to a value between n o (blue line) and n e (green line) at resonance wavelength, since the resonant wavelength of the red line is between the green and blue lines. And the biggest different between the red line and the other lines is that a valley appears on the red line. The wavelength of the valley is around 829 nm. Fig. 2(b) shows the transmission spectra of the structure filled with KDP at different angle θ. The angle θ increases from 0°to 90°[bottom to top in Fig. 2(b) ] with an interval of 5°. In Fig. 2(b) , the x axis and y axis represent the wavelength λ and angle θ, respectively. One can find that the peak blue shifts [white dash line in Fig. 2(b) ] and the valley red shifts as the angle θ increases. Simultaneously, the valley disappears at θ = 0°and 90°and reaches its minimum at θ = 45°. Fig. 2(c) shows the transmission spectra with different r at θ = 45°. r increases from 100 nm to 160 nm [bottom to top in Fig. 2(c) ] with an interval of 10 nm. The x axis and y axis represent the wavelength λ and radius r, respectively. In Fig. 2(c) , it is obvious that the spectra red shift with r increasing from 100 nm to 160 nm and there is no change in the line-shape of the spectra.
To understand origin of the valley, the field distributions (|H z |) in circular cavity are calculated and displayed in Fig. 3(a) -(e) with θ = 45°at wavelength of 819 nm, 824 nm, 829 nm, 834 nm and 839 nm. The point A-E on the red line of Fig. 2(a) corresponds to the Fig. 3(a) -(e), respectively. It is clearly observed that the field distribution patterns rotate clockwise as the wavelength increases. In Fig. 3(c) that is the field distributions of the valley, the standing wave resonates in the y direction and field is confined in the bottom and top of the cavity, which leads to almost no field existing in the middle part of cavity. Therefore, field cannot couple into right waveguide, resulting in the valley on the red line. The rotation of field distribution won't appear in the isotropic material cavity as shown in Fig. 3(f)-(j) , which is the field distributions of blue line at the same wavelengths as Fig. 3(a) -(e). And the field distributions of green line are similar to the blue line which is not shown in the figure. According to that, the rotation of the field distribution is related to the anisotropy of KDP, which will be discussed next. The refractive index of anisotropic crystals can be expressed by a geometrical method called refractive index ellipsoid, which is displayed in Fig. 4(a) [27] . n o and n e are semi-major and semiminor axes of the refractive index ellipsoid, respectively. n(ϕ) is the effective refractive index of wave in the propagation direction. Its value equals the distance from center to edge of ellipsoid at ϕ. ϕ is the angle between the optical axis and the propagation direction of wave. The refractive index ellipsoid clearly expresses the different effective indexes of wave at different propagation direction. By the geometric method, n(ϕ) can be expressed as follows [27] :
The cavity in Fig. 1 is a round with radius r. Therefore, the resonant wavelength of the circular cavity filled with KDP is determined as follows [28] :
where r is correction term of r. Because the circular cavity is not a standard Fabry-Perot (FP) resonator, r is not exactly the same as the length of FP resonator. The positive integer m is the number of antinodes of the standing waves, which equals 1 according to the Fig. 3(a) -(e). The schematic diagram of λ(ϕ) is shown in Fig. 4(b) . The Eq. (4) shows that the direction of the standing wave depends on wavelength, which results in rotation of the field distribution as shown in Fig. 3(a) -(e). From Eq. (4), it can also be known that resonant wavelength λ(ϕ) is proportional to the radius r, which is consistent with Fig. 2(c) . Fig. 4(c) shows the schematic diagram of the index ellipsoid after the optical axis is misaligned from x axis by θ. Therefore, the angle between x axis and direction of the standing waves equals ϕ + θ. Because the direction of standing wave is parallel to y axis for the valley, one can get ϕ + θ = 90°. Considering ϕ = 90°− θ and Eq. (4), the resonant wavelength of valley can be written as:
The resonant wavelengths of the valley at different θ are displayed in Fig. 5 (a) (green point). A good fitting between Eq. (5) and the point has been achieved by using fitting parameter of r = 9.8986 nm and the result is shown in Fig. 5(a) (blue line) . In the fitting, n o = 1.5006 and n e = 1.4629 are used, which are average values of refractive indexes at wavelength range from 819 nm to 839 nm. Fig. 5 (a) also shows some mismatch between the fitting and the data points at small and large wavelengths. This slight deviation is due to the dispersion of n o , n e and r, which are not included in the model. In the fitting, n o and n e are fixed values, and they are approximately the same as values of refractive indexes near center wavelength (829 nm). Simultaneously, they have some difference with the refractive indexes of large and small wavelengths. Therefore, the fitting is better near center wavelengths and worse at small and large wavelengths. In addition, because r is affected by the refractive index and should have dispersion, it may also cause some mismatch in the fitting results, which is similar to the effect of refractive index on the fitting.
In addition, the peak of spectrum can also be explained by Eq. (4). Since the standing wave parallel to x axis for the peak, the angle between x axis and direction of the standing wave is ϕ + θ = 0°, which means ϕ = − θ. Therefore, the resonant wavelength of the peak can be expressed as:
Contrasting Eqs. (5) and (6), it is noted that denominators of them are different. Because n o is larger than n e for KDP, the denominator of Eq. (5) decreases and the denominator of Eq. (6) increases with θ increasing from 0°to 90°. This is the reason that the peak blue shifts and the valley red shifts with increase of θ in Fig. 2(b) . However, the fitting between Eq. (6) and the points of peak is not very well as shown in Fig. 5(b) . To understand the origin of deviation in the fitting, the difference between the field distribution of peak and valley is investigated. Comparing the field distribution of peak and valley, it is noted that there are waveguides on both sides of the circular cavity and the field distribution of the peak is confined to same sides. Therefore, the waveguides are considered to have influence on the distribution field of the peak. In order to verify it, the transmittance spectra of the structure with different coupling distance d are simulated and shown in Fig. 5(c) . In Fig. 5(c) , there are three 2-dimensional figures of the transmittance spectra with d = 10 nm, 25 nm and 35 nm. The angle θ of optical axis in each figure increases from 0°to 90°with an interval of 5°. As can be seen from Fig. 5(c) , the peak become narrow and maximum of spectrum become small [according to the color bar in Fig. 5(c) ] with coupling distance increasing, which can be explained by coupled mode theory. According to the coupled mode theory, the transmission of the band-pass filter structure can be expressed as [23] :
where ω is the frequency of the incident light and ω 0 is resonance frequency of cavity. τ ω is the decay rate of the field in the cavity due to the power escapes through the waveguide and τ i is the decay rate due to the internal loss in the cavity. Since τ ω increases with the increase of coupling distance d, according to Eq. (7), the transmission T(ω) become narrow and the maximum of T(ω) become small, which can explain the above phenomena. In addition, it can be found that the peak of spectra blue shifts with coupling distance increasing in Fig. 5(c) . According to the Eq. (5) and Eq. (6), the resonant wavelength of the valley λ valley equals the resonant wavelength of the peak λ peak when θ = 45°. So, the blue shift of the peak demonstrates that the resonant wavelength of peak is closer to the theory results of Eq. (6) with increase of coupling distance d. Moreover, it is clearly observed that the valley has no significant change with the increase of coupling distance. It is because that the field distribution of the valley is confined to the upper and lower sides of the cavity, and will not be affected by the waveguides. Therefore, all the above results verified that the waveguides have influence on the resonant wavelength of the peak, which is a main reason that Eq. (6) is not agree well with the simulation results of the peak. And it should also be noted that the peak is cut off by the valley because the peak blue shifts with the increase of d. As a result, the resonant wavelengths of the peak around the intersection are not available. Therefore, the good fitting between Eq. (6) and the points of peak still cannot be achieved with weakening the influence of the waveguide. In Figs. 2(b) and 5(c), the valley disappears at θ = 0°and 90°and reaches its minimum at θ = 45°. The change in permittivity is considered to be the origin for the phenomenon of the valley. According to Eq. (2), when θ equals 0°or 90°, it can be obtained that |ε 12 | = |ε 21 | = 0 and Eq. (2) changes back to Eq. (1), so that different components of the electric field no longer directly interact with each other. As a result, standing wave can only resonate in the incident direction and the valley disappears at θ = 0°and 90°. In order to demonstrates this, the field distributions with θ = 0°and 90°at different wavelength are simulated [An example of θ = 0°is shown in Fig. 3(k)-(o) ]. It matches our expectation that the rotation of field distribution disappeared, which is the reason for appearance of the valley. Conversely, when θ equals 45°, |ε 12 | and |ε 21 | reach their maximum. Therefore, the valley reaches its minimum at θ = 45°. Comparing to previous work [20] , [29] , it can be seen that the interaction of different component fields induced by AM in cavity is stronger than it in waveguide. Because the cavity can satisfy resonant condition of wave that waveguide can't satisfy, and resonant characteristics, such as resonant wavelength and field distribution, is sensitive to the refractive index. Therefore, the cavity can better enhance the influence of AM on SPPs than waveguide.
According to the Eq. (5), it can be seen that the maximum and minimum values of the resonant wavelengths in the circular cavity are determined by n o and n e , respectively. It means that the difference n between n o and n e can affect the width of the valley. The spectra with different n are simulated and shown in Fig. 5(d) . Here, we set n o = n e + n with n = 0, 0.1, 0.2, 0.3, 0.4, and 0.5. n e is extraordinary light refractive index of KDP. All of spectra are simulated with θ = 45°. The blue line is the spectrum of KDP and the other lines are spectra of n = 0, 0.1, 0.2, 0.3, 0.4, and 0.5 (corresponding to green, red, cyan, purple, yellow and black lines, respectively). It is noted that n = 0 means that the green line is the spectrum of isotropic material with refractive index value equaling n e .
From Fig. 5(d) , obviously, the width and the depth of the valley increase with the increase of n. According to Eq. (2), |ε 12 | and |ε 21 | increase with the increase of n. And the magnitude of |ε 12 | and |ε 21 | determines the depth of the valley, which has been discussed above. Therefore, n is proportional to the depth of the valley. In addition, the resonant wavelength of the valley red shifts with n increasing in Fig. 5(d) . In order to explain this phenomenon, we replace the n o in Eq. (5) with n + n e and differentiate the equation on n as follows:
The value of Eq. (8) is always greater than 0, so the resonant wavelength of the valley always increases with n increasing. Eq. (8) also shows that the resonant wavelength of the valley increases fast when n is small, and increases slowly when n is large, which is in good agreement with Fig. 5(d) . Due to the electro-optic effect of some AMs, the n can be dynamically tunable. Therefore, the above results show a route to change the line type of spectrum without changing the nanostructure.
According to the characteristics of the above spectra, it can be found that the structure with AM may have many potential applications in the nanoscale integrated photonic circuits. For example, considering the characteristic that direction of standing wave pattern is determined by wavelength, a demultiplexers can be achieved by adding multiple out-coupling waveguide to the left of the cavity. Due to the permittivity characteristic of AM, the circular cavity can satisfy the resonant conditions of different wavelengths in different direction. Therefore, compared to the previous work [15] - [17] , the structure with AM can reduce the number of resonators and improve the integration of the device. In addition, some of AM belong to the electro-optic materials and n of them can become dynamically tunable by the electro-optic effect. Based on that, the width, depth and resonant wavelength of the valley can be dynamically adjusted, which may be used in devices, such as optical switch, electro-optic modulator and tunable filter. For example, by adjusting the voltage that is applied to the electro-optic materials filled in cavity, we can increase n from zero, so that the transmittance at resonant wavelength of the valley will decrease to zero, which may realize the function of the optical switch and electro-optic modulator. It can be seen that using the electro-optic effect and anisotropy of materials, we have a new way to dynamically control SPPs. And in applications, nematic liquid crystal is a potential AM because it is dynamically tunable and easy to fill in the nanostructure, which we will investigate in the future work.
Conclusion
In summary, a plasmonic structure based on MIM with AM has been proposed and investigated. The simulations show that a valley appear on the spectrum due to filling the circular cavity with AM, which will not appear in the case of isotropic material. By analyzing the field distribution of the structure, it is found that the standing wave pattern rotates clockwise as the wavelength increases. These phenomena can be explained by the refractive index ellipsoid. And this method can also explain other changes of the spectra induced by AM, such as the blue shift of peak and the red shift of valley. Moreover, the influence of n on the valley has also been discussed. According to the results above, AM may have many potential applications in the nanoscale integrated photonic circuits, and give an idea to design the functional device, such as demultiplexers, optical switch and electro-optic modulator.
